I construct a nilpotent symmetry of gauge theories, similar to the BecchiRouet-Stora-Tyutin symmetry. This symmetry depends on the gauge-fixing fermion, and for linear gauges can be elevated to a symmetry of the quantum theory and used in the construction of the quantum effective action.
Quantization of gauge theories requires gauge-fixing, and for most gauges, the introduction of ghost fields. The resulting theory is invariant not under the gauge symmetry itself, but under the Becchi-Rouet-Stora-Tyutin (BRST) symmetry [1, 2] . Nilpotence of the BRST transformation allows it to be extended to a symmetry of the quantum theory at all orders of the perturbation series. The quantum effective action is then the most general function invariant under this symmetry as well as all other known quantum symmetries of the theory.
In any useful gauge theory, gauge fields are coupled to many other fields. For general gauge theories, including extensions and modifications of the Standard Model, several of these fields may have the same Lorentz and gauge transformation properties. This leads to an enormous number of possible terms in the quantum effective action. Many of these terms must vanish, but eliminating them solely by use of BRST symmetry can be a tedious task, which can be simplified greatly if other general symmetries can be identified. In this letter I find another nilpotent symmetry of gauge theories which differs from BRST symmetry in its action on trivial pairs. I illustrate the construction with the example of Yang-Mills theory.
The extended ghost sector of the tree-level quantum action of a gauge theory can be written in the general form
The anticommuting antighostsω A and the corresponding auxiliary fields h A form what are known as trivial pairs. Here the index A stands for the collection of all indices, f A = 0 is the gauge-fixing condition, λ is the gauge parameter, and ∆ A is the BRST variation of the gauge-fixing function, ∆ A = sf A . The sum over A includes the integration over space-time. This part of the action remains invariant under BRST transformations
On the other hand, I can rearrange S c ext as
where I have defined
After this simple redefinition of the auxiliary fields h A , I find that S c ext is invariant under a new set of transformations:
It follows thats is nilpotent on all fields,s 2 = 0.
When the extended sector corresponds to the gauge-fixing of an anticommuting gauge field, as can happen for theories with reducible gauge symmetries, the construction is slightly more complicated, since the auxiliary fields now have odd ghost number. Typically, the extended ghost sector in this case can be written with anticommuting auxiliary fieldsᾱ
In this, f ′A is the anticommuting gauge-fixing function, ∆ ′A = sf ′A , andβ A is the corresponding commuting antighost. The termf ′A α A is a rearrangement of the appropriate terms inω A ∆ A which appear in S 
where I have now definedᾱ
new set of BRST transformations can be defined for S a ext ,
Since α A was the result of BRST variation of some field, α ′A has to be the variation unders of the same field, andsf ′A must be calculated according to the rules of Eqn. (4) . In addition, the action ofs must be the same as that of s for the fields contained in f ′A . Thens 2 = 0 on all fields, ands(S c ext + S a ext ) = 0. Let me consider a concrete example, and construct this symmetry for Yang-Mills theory. The tree-level quantum action is in this case
where a is the gauge index. This is invariant under the BRST transformations
Following the rules of Eqn. (4), I get A . This is the case for pure Yang-Mills theories, as well as Yang-Mills theories coupled to various other fields. For these theories, the Zinn-Justin equation reduces to the statement that for infinitesimal ǫ, S R + ǫΓ N,∞ is invariant under the quantum BRST symmetry s R , which is just the most general nilpotent symmetry built out of the fields in the theory, and which reduces to the original BRST symmetry at the tree-level.
Let me then work with theories for which Γ[χ, K] has been shown to be at most linear in the K A . Let me also assume that the quantum BRST transformation s R has been found by solving the Zinn-Justin equation. In order to see the effect of the gauge-dependent symmetrỹ s on the quantum theory, I take the same effective action Γ[χ, K] with the same sources. Of courses is a gauge-dependent symmetry, nonetheless it can be elevated to a symmetry of the quantum effective action if the gauge-fixing functions are linear in the fields. I shall denote the minimal fields by φ A and non-minimal fields by λ A . Thensφ A = sφ A , and consequentlỹ ssφ A = 0. The application ofs on the partition function gives (since the tree-level action S is invariant unders),
Here denotes the quantum average in the presence of sources, specified such that the quantum average of a field is the field itself. Since by assumption the gauge-fixing functions are linear in the fields,sλ A as defined in Eqn. (4) and Eqn. (7) is either linear in the fields or equals the BRST variation of some linear function of the fields. Therefore, sλ A is known explicitly. In addition, the effective action does not contain the antisources corresponding to (h A , α A ,ᾱ A ) etc. and only S R contains the antisources for (ω A ,β A ) etc. Then I can read off from Eqn.(11) that S R + ǫΓ N,∞ is invariant unders R , which is justs as calculated in terms of s R .
Going back to the example of Yang-Mills theory,
Here s R is the usual quantum BRST transformation [3, 4] . Note that I did not fully utilize the nilpotence ofs itself. In principle, I could have treateds just like s, defining new antisources K A and deriving an analogue of Zinn-Justin equation. However, the effective action need not be linear in the K A for general gauge theories, so in most cases that route defeats the purpose of simplifying calculations.
To see how the construction of the general effective action is facilitated by the use of this symmetry, let me define s
Also, on dimensional grounds and because the effective action must have zero ghost number, it can be at most quadratic in λ A ≡ (ω a , h a ), so I can write
where S C contains only the fields in the classical action, and does not contain any ghost or auxiliary field, and the X A and X AB do not contain any of the λ A . Since both s R ands R are symmetries of Γ, or S C , s 
while the terms containing neitherω a nor h a in s
In addition, since s R X A and s R X AB cannot contain any of the λ A , I can consider the coefficients of λ A in s R Γ = 0 to get
Now, X ab hh has mass dimension zero and it is s R -invariant, so it must be proportional to δ ab . Then
for some constant Z ω . Therefore the quantum effective action takes the form
The term S C is the most general ghost-free term which is symmetric under s R . This is usually known to have the same form as the classical action for the gauge theory, up to numerical coefficients. The remainder also has the same form as the terms at tree-level, which essentially proves renormalizability of the theory.
To summarize, the BRST-invariant action of a gauge theory shows yet another nilpotent symmetry, which agrees with BRST symmetry on the minimal fields, but differs on the nonminimal sector. For linear gauge-fixing functions, the tree-level symmetry can be elevated to a symmetry of the quantum effective action at arbitrary order of perturbation theory and often simplifies calculations.
Although I have given an explicit example only for Yang-Mills theory, which is known to be renormalizable anyway, the techniques are applicable to any gauge theory, for which such knowledge may not be available a priori. This symmetry is particularly useful in dealing with theories with reducible gauge symmetries and associated ghosts of ghosts. Such an example, involving an antisymmetric tensor potential, has been discussed elsewhere [5] . Finally, even when the gauge-fixing function is non-linear, the symmetry may still be made into a quantum symmetry in some specific cases. It may be worthwhile to investigate if the linearity assumption is in fact unnecessary.
